Plasmodium falciparum (Pf), the causative agent of malaria has an iron-sulfur cluster-containing class I fumarate hydratase (FH) that catalyzes the interconversion of fumarate to malate, a well-known reaction in the tricarboxylic acid cycle. In humans, the same reaction is catalyzed by class II FH that has no sequence or structural homology with the class I enzyme. Fumarate, generated in large quantities in the parasite as a byproduct of AMP synthesis is converted to malate by the action of FH, and subsequently used in the generation of the key metabolites oxaloacetate, aspartate and pyruvate. Here we report on the kinetic characterization of purified recombinant PfFH, functional complementation of fh deficiency in Escherichia. coli and mitochondrial localization in the parasite. The substrate analog, mercaptosuccinic acid was found to be a potent inhibitor of PfFH with a K i value in the nanomolar range. Attempts at knockout of the fh gene in P. berghei yielded parasite with either wrong integration of the selectable maker cassette or right integration in the background of fh gene duplication highlighting the essentiality of FH for the parasite.
INTRODUCTION
Plasmodium falciparum (Pf), the causative agent of the most lethal form of malaria, during its intraerythrocytic asexual stages derives ATP primarily from glycolysis with low contribution from mitochondrial pathways (1, 2) . Bulk of the pyruvate formed is converted to lactic acid with a minor amount entering the tricarboxylic acid (TCA) cycle, the flux through which is upregulated in sexual stages (2) . Key intermediates that anaplerotically feed into the TCA cycle are α-ketoglutarate derived from glutamate, oxaloacetate (OAA) from phosphoenolpyruvate, and fumarate from adenosine 5ʹ-monophosphate (AMP) synthesis. Synthesis of AMP in the parasite is solely from inosine-5ʹ-monophosphate (IMP) through a pathway involving the enzymes adenylosuccinate synthetase (ADSS) and adenylosuccinate lyase (ASL).
The net reaction of ADSS and ASL involves consumption of GTP and aspartate and, generation of GDP, P i and fumarate. In the rapidly dividing parasite with an AT-rich genome and high energy requirements, leading to a high demand for adenine pools, one would expect a high flux of fumarate generation. The parasite does not secrete fumarate but instead the carbon derived from this metabolite can be traced in malate, OAA, aspartate, pyruvate (through PEP) and lactate (3). The metabolic significance of this fumarate anaplerosis is still obscure. In this context, fumarate hydratase (FH, fumarase) the key enzyme to metabolize fumarate becomes an important candidate for further investigation.
Fumarate hydratase (fumarase, E.C. 4.2.1.2) catalyzes the reversible conversion of fumarate to malate. The stereospecific reaction involves the antiaddition of a water molecule across the carbon-carbon double bond of fumarate resulting in the formation of S-malate (L-malate). The reverse reaction proceeds with the elimination of a molecule of water from malate in an anti-fashion (4) (5) (6) . FH comes in two biochemically distinct forms; class I FH a thermolabile, oxygen sensitive, 4Fe-4S cluster containing enzyme and, class II FH, a stable, oxygen insensitive and iron-independent enzyme (7) . Class I FH is further divided into two types, two-subunit and single-subunit, depending on the number of genes that encode the functional enzyme (8) . There is no sequence homology between these two classes of enzymes. Class I fumarases display substrate promiscuity; apart from catalyzing the interconversion of fumarate and malate, these enzymes also interconvert S,S-tartrate and oxaloacetate and, mesaconate and S-citramalate with varying catalytic efficiencies (9, 10) . The 4Fe-4S cluster is bound to the enzyme by 3 metal-thiolate bonds formed between 3 conserved cysteine residues in the protein and 3 ferrous ions (11) . The fourth iron in the cluster proposed to be held loosely by a hydroxyl ion, is thought to be directly involved in substrate binding and catalysis as seen in the enzyme aconitase (12, 13) .
Both classes of FHs are distributed in all three domains of life with class I FH being more prevalent in archaea, prokaryotes and lower eukaryotes. Many organisms have genes corresponding to both the classes, as in Escherichia coli (Ec), which has three FH encoding genes viz., fum A, B and C. Fum A and fum B are 4Fe-4S cluster containing class I enzymes, while Fum C belongs to class II type FH.
Recently, another gene fum D has been identified in the E. coli genome to code for a class I fumarase with altered substrate preferences (14) .
The structural and biochemical characteristics of class II FH are thoroughly studied from different organisms viz., human, porcine, yeast, E. coli and other sources (15) (16) (17) (18) (19) . Class I FH, on the other hand, is not as well studied, primarily because of its thermolabile and oxygen sensitive nature. All Apicomplexans and Kinetoplastids possess only class I FH, whereas Dinoflagellates have both classes (20) . Biochemical characterization of class I FH from Leishmania major (Lm) and
Trypanosoma cruzi, both Kinetoplastids (18f, 19) , and the 3-dimensional structure of LmFH II (11) are the only reports of class I FH from eukaryotes. All Plasmodium species have one gene annotated putatively as fumarate hydratase that remains to be characterized. Genetic investigations on the role of TCA cycle enzymes in P.
falciparum have revealed non-essentiality of all genes of TCA cycle except FH and malate-quinone oxidoreductase (23) . Recently, a metabolic network reconstruction of pathways in artemesinin resistant P. falciparum strains have identified FH reaction as uniquely essential to these parasites (24) . Biochemical characterization of PfFH could throw light on unique features of the enzyme and also provide leads for development of inhibitors.
We report here the kinetic characterization and substrate promiscuity of PfFH, studied using in vitro assays on the recombinant enzyme and E. coli based functional complementation. DL-mercaptosuccinic acid (DL-MSA), a malate analog was found to be a competitive inhibitor of the P. falciparum enzyme. DL-MSA inhibited the growth of ∆fumACB strain of E. coli expressing PfFH as well as the asexual intra-erythrocytic stages of P. falciparum in in vitro cultures. Attempts at generating fh null P. berghei yielded drug resistant clonal populations that had retained the fh gene, implying its essentiality.
EXPERIMENTAL PROCEDURES

Reagents
RPMI-1640, components of cytomix and all chemical reagents used were obtained from Sigma Aldrich., USA. MitoTracker CM-H 2 XRos, Hoechst 33342, AlbuMAX I, Ni-NTA conjugated agarose and Phusion high-fidelity DNA polymerase were procured from Thermo Fisher Scientific Inc., USA. Restriction enzymes and T4 DNA ligase were from New England Biolabs, USA. Primers were custom synthesized from Sigma-Aldrich, Bangalore. Media components were from Himedia Laboratories, Mumbai, India. 2, 3-[ 13 C]-fumarate was procured from Isotec, Sigma Aldrich, USA and DL-mercaptosuccinic acid (DL-MSA) was obtained from Sigma Aldrich, USA.
Sequence analysis
E. coli FumA (EcFumA) protein sequence (Uniprot ID: P0AC33) was used as query in BLASTP (25) to retrieve all eukaryotic class I FH sequences by restricting the search to eukaryotes. Each of these eukaryotic organisms with class I FH was individually searched for the presence of class II FH using BLASTP and E. coli FumC (EcFumC) (Uniprot ID:P05042) as the query sequence. Hits with an e-value lower than10 -10 were considered significant.
Generation of plasmid constructs
Sequences of all oligonucleotide primers used for cloning and for genotyping of E. coli and Plasmodium mutants are given in Supplementary Table T1 . For recombinant-expression of PfFH, the DNA fragment corresponding to a protein segment lacking the N-terminal 40 amino acids (∆40) was amplified by PCR using parasite genomic DNA as template, appropriate oligonucleotides and Phusion DNA polymerase. The fragment was cloned into modified pET21b (Novagen, Merck, USA) using restriction enzyme sites BamHI and SalI, to obtain the construct pET-PfFH∆40 that encodes the protein with an N-terminal (His) 6 -tag. For functional complementation in the fh null strain of E. coli, pQE30 plasmid (Qiagen, Germany) containing full length (PfFHFL) and two different N-terminus deleted constructs (PfFH∆40, PfFH∆120) of the P. falciparum fh gene were used. The generation of different expression constructs involved amplification by PCR of appropriate fragments followed by cloning into pQE30 plasmid using restriction sites BamHI and SalI. The plasmids thus obtained are pQE-PfFHFL, pQE-PfFH∆40 and pQE-PfFH∆120. For 3ʹ-tagging of the endogenous fh gene with GFP in the P. falciparum strain PM1KO (26) , the nucleotide fragment corresponding to the full length fh gene without the terminator codon was amplified from P. falciparum 3D7 genomic DNA using appropriate oligonucleotides (PfFHpGDB-Xho1-FP and PfFHpGDB-AvrII-RP; Supplementary Table 1 ) and cloned into the plasmid, pGDB (26) using the restriction sites XhoI and AvrII. This plasmid construct is referred to as pGDB-PfFH.
For recombinant expression of E. coli FumC and FumA enzymes, the nucleotide sequence corresponding to the full length genes were PCR amplified using E. coli genomic DNA as template and cloned in pQE30 and pET-DUET (Novagen, Merck), respectively using the restriction sites BamHI and SalI. The resulting plasmids are pQE-EcFumC and pET-EcFumA. All the clones were confirmed by DNA sequencing.
Protein expression, purification and reconstitution of iron-sulfur cluster
For recombinant expression of PfFHΔ40 and EcFumA, the E. coli strain BL21(DE3)-RIL was transformed with pET-PfFHΔ40/ pET-EcFumA and selected on Luria-Bertani agar (LB agar) plate containing ampicillin (100 µg ml -1 ) and chloramphenicol (34 µg ml -1 ). Multiple colonies were picked and inoculated into 10 ml of LB broth. The culture was grown for 6 h at 37 °C, the cells were pelleted, washed with antibiotic free LB broth and then used for inoculating 800 ml of Terrific broth (TB). The cells were grown at 30 °C until OD 600 reached 0.5, thereafter induced with IPTG (0.05 mM for PfFHΔ40 and 0.3 mM for EcFumA) and grown for further 16 h at 16 °C for PfFH∆40 and 4 h at 30 °C for EcFumA. Cells were harvested by centrifugation and resuspended in lysis buffer containing 50 mM Tris HCl, pH 7.4, 150 mM NaCl, 1 mM PMSF, 5 mM β-mercaptoethanol and 10 % glycerol. Cell lysis was achieved by 4 cycles of French press at 1000 psi and the lysate cleared by centrifugation at 30,000
x g for 30 minutes. The supernatant was mixed with 1 ml of Ni-NTA agarose slurry pre-equilibrated with lysis buffer and incubated in an anaerobic chamber for 30 minutes at room temperature. The tube was sealed air-tight within the chamber and transferred to 4 °C. Binding of the (His) 6 -tagged PfFH∆40/EcFumA to Ni-NTA agarose was continued with gentle shaking for 3 h. The tube was transferred back to the chamber and the beads were washed with 50 ml of lysis buffer followed by washes with 10 mM and 20 mM imidazole containing lysis buffer (10 ml each) and the protein eluted directly with 500 mM imidazole in lysis buffer. Equal volume of 100 % glycerol was added to the eluate such that the final concentration of glycerol is 50 %. EcFumC was purified in aerobic conditions using Ni-NTA affinity chromatography.
Reconstitution of the cluster in PfFH∆40 and EcFumA was performed under anaerobic conditions. For PfFH∆40, the procedure was initiated by incubation of the protein solution with 5 mM DTT for 30 min. Following this, 0.5 mM each of sodium sulfide and ferrous ammonium sulfate were added. The reconstitution was allowed to proceed overnight following which the protein was used for activity measurements.
For EcFumA, reconstitution was achieved by the addition of 5 mM DTT for 30 min followed by the addition of 0.5 mM ferrous ammonium sulfate.
Activity measurements
For recording NMR spectra, the purified recombinant PfFHΔ40 was incubated with 2, 3-[ 13 C]-fumarate for 30 min at 37 °C in 20 mM sodium phosphate, pH 7.4. The protein was precipitated with TCA and the supernatant, neutralized with 5 N KOH was used for recording 13 C-NMR spectrum in a 400 MHz Agilent NMR machine. D 2 O was added to a final concentration of 10 % to the sample before acquiring the spectrum.
All initial velocity measurements were performed at 37 °C using a spectrophotometric method and initiated with the addition of the enzyme. The activity of EcFumC was measured using a reported method (11) in a solution containing 100 mM MOPS, pH 6.9, 5 mM MgCl 2 , and 5 mM DTT. For EcFumA, the assays were performed in 50 mM potassium phosphate, pH 7.4 containing 2 mM DTT. The activity of PfFH∆40 was found to be maximal at pH 8.5 and all assays were carried out at this pH in 50 mM Tris-HCl. The conversion of fumarate to malate was monitored spectrophotometrically as a drop in absorbance caused by the depletion of fumarate. Depending upon the initial concentration of fumarate, the enzymatic conversion was monitored at different wavelengths; 240 nm (ε 240 = 2440 M -1 cm -1 ) (9) for fumarate concentrations of up to 500 µM, 270 nm (ε 270 = 463 M -1 cm -1 ) for concentrations ranging from 0.5 to 1. 
Generation and phenotyping of ∆fumACB strain of E. coli
In order to generate a fumarate hydratase null strain of E. coli, a fumB null strain (JW4083-1, fumB748 (del)::kan) (27) ,derived from the E. coli strainBW25113, was obtained from Coli Genetic Stock Centre ( CGSC), Yale university, New Haven, USA (27) . To remove the kanamycin cassette flanked by FRT sites at the fumB gene locus and to subsequently knockout fumA and fumC, standard protocols were followed (28) and this is described in Supplementary Methods and Supplementary   Figure 1 . Knockout of the genes was validated by PCR using genomic DNA of the mutant strain as template and appropriate oligonucleotides ( Supplementary Table   1 ). M9 minimal medium agar plates containing either fumarate or malate (0.4 %) as the sole carbon source and supplemented with trace elements were used to check the phenotype of the strains ∆fumACB, ∆fumA, ∆fumB and ∆fumC. Equal number of cells of each of these strains were spread on both malate and fumarate-containing M9 agar plates and the growth phenotype was scored at the end of 48 h of incubation at 37 °C under aerobic conditions.
Complementation of fumarase deficiency in ∆fumACB strain with PfFH and growth inhibition with MSA.
The ΔfumACB strain of E. coli was transformed with the plasmids pQE-PfFHFL, pQE-PfFH∆40, pQE-PfFH∆120, and pQE30 and selected on LB plate containing 100 µg ml -1 ampicillin and 50 µg ml -1 kanamycin. A single colony from the plate was inoculated into 10 ml LB broth and allowed to grow overnight. An aliquot of each of the cultures was washed three times with sterile M9 medium to remove traces of LB broth. The cells were resuspended in M9 medium and an OD 600 -normalized aliquot of the suspensions were spread on a M9 agar plate containing the appropriate carbon source and antibiotics. It should be noted that the parent strain BW25113 has a single copy of lacI + allele and not lacI q (29) and hence, for induction of protein expression in this strain using pQE30 based constructs, addition of IPTG is optional.
To check the effect of MSA on the E. coli strain ΔfumACB with the plasmidpQE-PfFH∆40, the culture was grown overnight in 10 ml LB medium and 1 ml of the culture was washed twice with M9 minimal medium and resuspended in 1 ml M9 minimal medium. 150 μl of this suspension was added to tubes containing 5 ml of M9 minimal medium with 10 mM fumarate as the sole carbon source and appropriate antibiotics (50 µg ml -1 kanamycin and 100 µg ml -1 ampicillin). Varied concentrations of DL-MSA ranging from 1 µM to 15 mM were added to the tubes.
The growth of the cultures was monitored by measuring OD 600 at the end of 10 h.
P. falciparum culture, transfection and growth inhibition with MSA
Intraerythrocytic stages of P. falciparum 3D7 strain (procured from MR4) were grown The strain was subjected to three rounds of drug cycling which included growing the cultures on and off blasticidin (10 days each) in the continuous presence of trimethoprim following which the genotyping of the strain was performed by PCR using genomic DNA as template and primers P1-P4 (Supplementary Table 1 ).
The IC 50 value for DL-MSA for inhibition of parasite growth was determined by a serial two-fold dilution. Briefly, the effect of DL-MSA on the viability of the 3D7 strain of P. falciparum was determined by counting the number of parasites in at least 1000 erythrocytes in Giemsa stained smears of cultures grown in the presence of increasing concentrations (3 µM-40 mM) of the drug.
Mitochondrial staining and microscopy
For mitochondrial staining of PfFH-GFP parasites, the culture containing mixed stages of parasites was washed with incomplete medium twice to remove any traces of AlbuMAX I, the cells resuspended with incomplete medium containing 100 nM MitoTracker CM-H 2 XRos and incubated at 37 °C in a candle jar for 30 minutes. For nuclear staining, Hoechst 33342 was added to the culture to a final concentration of 5 µg ml -1 and incubated for an additional 5 minutes at 37 °C. For imaging, 500 µl of this culture was washed with incomplete medium once and the cells were resuspended in 50 % glycerol/PBS solution. 5 µl of the suspension was placed under a coverslip and imaged using DeltaVision Elite widefield microscope, GE, USA at room temperature. The images were processed using ImageJ (32, 33) .
P. berghei culturing and genetic manipulation
Intraerythrocytic asexual stages of P. berghei ANKA (procured from MR4) were maintained in BALB/c mice. For generation of knockout construct and for transfection of parasites, established procedures were followed (34, 35) . Starting from fh genomic library clone (Clone ID: PbG01-2466a09) obtained from PlasmoGEM repository (Wellcome trust Sanger institute, UK), the fh gene knockout construct was generated by using the recombineering strategy described by Pfander Supplementary Table 1 .
RESULTS AND DISCUSSION
Distribution of Class I fumarate hydratase in eukaryotes
Although both class I and class II FHs catalyze the conversion of fumarate to malate, it is the class II FHs that are widely distributed across eukaryotic organisms. To elicit possible correlations between the presence of class I FH and the nature of the organisms such as their uni-or multi-cellularity and parasitic or free-living lifestyle, eukaryotes with class I FH were catalogued ( Table 1 ). In addition, the presence/absence of 1) class II FH in organisms having class I FH and 2) mitochondrial targeting sequence are also included in Table 1 respect to class II FH during the evolution of the Apicomplexan lineage as has been noted previously (20) . Of special note are organisms belonging to Kinetoplastida that have two genes for class I FH; one encoding the mitochondrial and other the cytosolic enzyme. Upon search for possible mitochondrial localization of class I and class II FH sequences listed in Table 1 using MitoFates (37) , it was seen that in many organisms where both class I and class II FHs are present, class I FH is predicted to localize to mitochondria and not class II FH. The common names of the organisms are given in square brackets following the Latin names. The list of organisms was obtained from the output of BLASTP using E. coli class I FH protein sequence as the query. An e-value cut-off of 10 -10 and query coverage of 65% were used as criteria for selecting the protein sequences from different organisms. The name of the taxon to which the organism belongs is indicated in some cases in the first column. The E. coli FumC protein sequence was used as the query to ascertain the presence or absence of class II fumarate hydratase in these organisms and if present, the accession number of the protein is given in column 6. Ambiguity in the presence of class II FH in some cases is due to the annotation of these proteins as adenylosuccinate lyase with which class II FHs share high sequence similarity. Proteins that are predicted to be localized in the mitochondria are shaded in grey. (Figure 1a) . The genotype of the strain (Figure 1b) was validated by PCR using primers P1-P4 (Supplementary Table 1 ) and used for live-cell imaging after staining with DAPI and MitoTracker Red CM-H 2 XRos. The GFP-positive parasites clearly showed co-localization of GFP signal with MitoTracker staining (Figure 1c) showing mitochondrial localisation of fumarate hydratase in P.
Mitochondrial localization of P. falciparum FH
falciparum.
In order to predict the mitochondrial targeting signal in FH sequences from different Plasmodium species, different algorithms were used and the results are summarized in Supplementary table 2. Except for P. knowlesi FH, wherein all the softwares were able to predict the signal sequence, none of the FH sequences from other Plasmodium species had a conventional targeting signal that could be unambiguously predicted. Of all the mitochondrial proteins predicted by PlasMIT, an artificial neural network based prediction tool developed specifically for predicting hydratase was the only 'false negative' (39) . This suggests that PfFH localization to the mitochondrion is possibly mediated through an internal signal sequence or an unconventional mitochondrial localization signal.
Figure1. Generation of PfFH-GFP strain encoding FH-GFP and localisation of
PfFH. (a) Scheme showing the integration locus with the RFA (GFP+DHFRdd+HA)-tag in tandem with FH gene in the strain PfFH-GFP. Oligonucleotides P1 and P2 and, P3 and P4
were used for checking the 5′-and 3′-integration, respectively (Supplementary Table 1) . 
PfFH complements fumarase deficiency in E. coli
In order to recombinantly express organellar proteins in E. coli, it is preferable to use the DNA sequence corresponding to only the mature protein with the signal peptide deleted. Since none of the bioinformatic prediction tools were able to identify an unambiguous signal sequence in P. falciparum FH, we resorted to multiple sequence alignment with bacterial single-subunit type and archaeal two-subunit type FH for generating N-terminal deletion constructs. Examination of the multiple sequence alignment shows a 120 amino acid insertion at the N-terminus in Plasmodium FHs that is absent in bacterial and archaeal FH sequences (Supplementary Figure S3) .
Of the N-terminal 120 amino acid residues in Plasmodial FHs, the first 40 residues are diverse, while residues 40-120 show a high degree of conservation ( Supplementary Figure S4) within the genus. Hence, for functional complementation in E. coli fh null mutant, three different expression constructs of PfFH protein in pQE30 were generated; that expressing the full length (PfFHFL), Nterminal 40 residues deleted (PfFH∆40) and N-terminal 120 residues deleted (PfFH∆120) enzymes.
E. coli has three genes that encode fumarate hydratase; fumA and fumB of the class I type and fumC of the class II type. fumA and fumC genes are in tandem and are driven by a common promoter (7, 40) . Starting with JW4083-1, a ∆fumB strain of E. coli, a triple knockout ΔfumACB strain, in which all the three major fum genes (fumA, fumC and fumB) are deleted, was generated and validated by PCR ( Supplementary Figure S1) . As expected, while the strain was able to grow normally in malate containing minimal medium (Figure 2a) , it was unable to grow on minimal medium containing fumarate as the sole carbon source (Figure 2b) . As expected all transformants (containing pQE-PfFHFL, pQE-PfFH∆40, pQE-PfFH∆120 and pQE30) of ∆fumACB strain of E. coli grew well on malate containing minimal medium plates (Figure 2c) . In the fumarate containing M9 plate, the cells expressing PfFHΔ40 and PfFHFL grew faster, whereas, the growth rate of cells expressing PfFHΔ120 was slower and no growth of cells carrying just pQE30 was observed (Figure 2d) . This shows that the PfFH can functionally complement the deficiency of fumarate hydratase activity in ∆fumACB strain and validates that the P. falciparum enzyme is indeed fumarate hydratase. The slow growth of PfFH∆120 expressing ∆fumACB E. coli strain indicates that residues 40-120 play a role in the structure and/or function of PfFH despite these residues being conserved only in Plasmodial fumarate hydratase sequences and not in others (Supplementary Figure S3) . 
Activity of PfFH∆40
PfFH∆40 was expressed with an N-terminal (His) 6 (Figure 3b ) (41) (42) (43) (44) Figure 3c) . Lane1 (21) and Trypanosoma cruzi (22) while for those from bacteria and archaea, the values are in the micromolar range. The catalytic efficiency (k cat /K m ) of PfFH∆40 is similar to L. major FH but 10-100 fold lower than that reported for other class I FHs ( Table 2 ). The substrate promiscuity of PfFHFL, PfFH∆40, and PfFH∆120 for other dicarboxylic acids was examined using growth complementation in the E. coli strain, ∆fumACB (Figure 4) . Growth on L-tartrate, Dtartrate, and itaconate were conditional to the presence of PfFH, while growth on meso-tartrate was independent. All three PfFH constructs greatly enhanced the growth of ∆fumACB strain of E. coli on mesaconate over the control. In vitro activity measurements showed that the parasite enzyme utilizes mesaconate as a substrate converting it to S-citramalate with K m and k cat /K m values of 3.2 ± 0.3 mM and 1.7 x 10 4 M -1 s -1 , respectively with the latter value 3.5-and 10-fold lower than that for fumarate and malate, respectively ( Table 2) enzymes from other organisms (7, 9, 14, 45) with the order of preference being fumarate followed by mesaconate and the least preferred being D-tartrate. (Figure 5b and 5c) 
Figure 3.Purification and activity of PfFH∆40. (a)
Growth inhibition by DL-MSA
Since the growth of E. coli ∆fumACB strain on minimal medium containing fumarate as the sole carbon source is conditional to the presence of functional FH, the effect of DL-MSA on the growth of ∆fumACB_pPfFH∆40 was examined. DL-MSA inhibited the growth of ∆fumACB_pPfFH∆40 with an IC 50 of 482 ± 4 μM (Figure 5d ) and addition of malate completely rescued the inhibition (Figure 5e ). This shows that the toxicity of DL-MSA is indeed due to inhibition of the metabolic conversion of fumarate to malate. ∆fumACB E. coli strain can serve as a facile primary screening system for small molecules acting as inhibitors PfFH as it circumvents in vitro assays with the oxygen-sensitive labile enzyme. With DL-MSA as an inhibitor of PfFH under in vitro and in vivo conditions, the molecule was checked for its toxicity on intra-erythrocytic stages of P. falciparum in in vitro culture. DL-MSA was found to kill parasites in culture with an IC 50 value of 281 ± 68 µM (Figure 5f) . Though DL-MSA is a potent inhibitor of PfFH∆40 with a K i value of 547 ± 47 nM (with fumarate as substrate), the IC 50 values for the inhibition of both ∆fumACB_pPfFH∆40 and P. falciparum are significantly higher.
Fumarate hydratase is essential for Plasmodium berghei
Earlier attempt at knockout of fumarate hydratase gene in P. falciparum was not successful (23) . Therefore, the essentiality of FH was examined in P. berghei with BALB/c mice as host. For this, fh gene knockout construct generated through recombineering based strategy was used (Supplementary Figure S2) . is shown in Figure 6 b. Genotyping by PCR was performed to confirm integration of selectable marker cassette at expected locus (Figure 6 d & e) , presence/absence of the fh gene (Figure 6 f) and the presence of the selection cassette (Figure 6 g & h) .
The results of the PCRs showed that though all the parasite clones carried the selectable marker, hDHFR-yFCU cassette in the genomic DNA (Figure 6 g) , they also retained the fh gene (Figure 6 f) . In two of the clones (C and O), the integration of the cassette was at a random site as they failed to answer for both 5ʹ and 3ʹ
integration PCRs. 12 clones yielded the expected PCR amplified fragment for 5ʹ integration (Figure 6 d) The PCRs with primers P9 and P10 (Figure 6 f) values for cell death are significantly higher (in the micromolar range). The rescue of the growth inhibition of the E. coli cells by malate indicates that the inhibitory effect in vivo is specifically through PfFH. The discrepancy between the K i value for the purified enzyme and the IC 50 value on cells could be either due to low intracellular availability of the drug (owing to the hydrophilic nature of the molecule and hence poor transport) or due to metabolism leading to degradation of MSA. MSA dioxygenase, an enzyme that converts mercaptosuccinic acid to succinate is present in the bacterium Variovorax paradoxus (52, 53) . We however, could not find homologues of the enzyme in E. coli or P. falciparum. In addition, in P. falciparum, the host erythrocyte in which the parasite resides contains the class II enzyme that is not inhibited by MSA and this could substitute for the lack of parasite FH activity.
However, under these conditions, regeneration of aspartate (3) and NAD + pools from fumarate mediated by PfFH would require the transport of intermediates across the 3 compartments (erythrocyte, parasite and the mitochondrion), evidence for which is absent. Therefore, the effectiveness of substitution of PfFH by the human enzyme is unclear.
Figure 7. The metabolic consequences of fumarate hydratase gene deletion in
Plasmodium. Dashed Attempts at knockdown of PfFH levels in FH-GFP strain where FH is fused to EcDHFR degradation domain did not result in lowering of protein levels. It has been shown that proteins targeted to organelles are not degraded through the proteasomal machinery making this approach unsuitable for knockdown of noncytosolic proteins. Knockout of fh in P. berghei using BALB/c strain of mice yielded parasites that showed insertion of the marker cassette with the retention of the functional copy of the gene suggesting its essentiality for the intra-erythrocytic stages. The major source of intracellular fumarate in Plasmodium is from the synthesis of AMP. From the context of metabolism, the absence of fumarate hydratase would result in the accumulation of fumarate. The possible metabolic consequences of this are schematically shown in Figure 7 . The last reaction in AMP synthesis catalyzed by ASL is a reversible process with similar catalytic efficiencies for the forward and reverse reactions. Accumulation of fumarate could lead to an increased flux through the reverse reaction catalyzed by ASL resulting in accumulation of sAMP and lowered levels of AMP, eventually resulting in compromised cell growth. Subversion of ASL activity through the use of AICAR has been shown to result in parasite death (54) . Apart from perturbing AMP synthesis, high levels of fumarate, can result in succination of cysteinyl residues in proteins and glutathione (55) thereby, compromising cellular homeostasis (56) . Succinated proteome in human cell lines (57) (58) (59) and Mycobacterium tuberculosis (60) have been examined and these highlight the toxic effects of high levels of fumarate.
Fumarate is recycled to aspartate through the action of enzymes, FH, MQO and AAT. In the absence of FH, the levels of malate and oxaloacetate intermediates in this pathway would be perturbed leading to lower levels of recycling. Further, with lowered levels of OAA due to the absence of FH, the generation of NAD + through MDH would also be impaired due to absence of FH. All these biochemical requirements could make FH in Plasmodium essential.
